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Introduction
Acute heart failure (AHF) is a common and occasionally life-threatening disease. In aging societies, the number of patients diagnosed with AHF has been growing, with AHF expected to become a serious public health problem and heavy social burden [1] [2] [3] . As health care providers will probably have to treat such patients with relatively reduced physical and human resources in future, a more efficient approach for treatment would be needed to maintain current medical standards. Under such conditions, a risk assessment-based practical strategy may be considered as having a key role in achieving such an approach [4] .
Several models of risk stratification for in-hospital mortality of AHF patients have been described [4] [5] [6] [7] [8] [9] . Most of these are well-validated and easy to use; however, their predictive abilities are not strong enough to be relied on in clinical settings, so that the estimation of a patient's prognosis is still mainly based on a clinician's subjective view [9] . One reason for their modest abilities in the prediction of in-hospital mortality may be that such risk stratification models are based solely on the initial assessments performed at admission. Patients with AHF exhibit various clinical courses in an in-hospital setting, with some gradually becoming severe during hospitalization, even if not critical at the point of admission. Although the inhospital mortality risk of AHF patients would likely to change depending on their time course of disease, sometimes dramatically, few methods exist to sequentially assess an AHF patient's condition after admission.
The purpose of this study was to identify in-hospital parameters associated with in-hospital mortality, and to establish a novel and sequentially evaluable predictive model by using time course information, in addition to initial information obtained at admission.
Methods

Study design and population
This retrospective, observational, and single-center study was conducted between January 2009 and December 2013, enrolling a total of 1,062 consecutive AHF patients admitted to our hospital. A clinical diagnosis of AHF was made based on clinical presentation, echocardiography assessment, and laboratory testing of natriuretic peptides, and was additionally confirmed by clinical records based on Framingham criteria for the diagnosis of heart failure [10] . We did not include patients with acute myocardial infarction or acute pulmonary thromboembolism in this study group, even if they showed signs or symptoms of AHF. The following AHF patients were excluded from this study: patients transferred to other hospitals for additive and urgent treatment, such as surgical intervention or heart transplantation; patients with infective endocarditis; patients with cardiopulmonary arrest on arrival; patients requiring non-pharmacological treatment for circulation support, such as intra-aortic balloon pumping and extracorporeal membrane oxygenation; and patients who were discharged or who died on the first day of admission.
In this study, because patient information was anonymized and de-identified prior to analysis, written informed consent was not obtained from each patient. However, we publicized the study by posting a summary of the protocol (with an easily understood description) on the website of Toyonaka Municipal Hospital; the notice clearly informed patients of their right to refuse enrollment. These procedures for informed consent and enrollment were in accordance with the detailed regulations regarding informed consent described in the guidelines, and this study, including the procedure for enrollment, has been approved by the institutional ethics board of Toyonaka Municipal Hospital (2016-01-04).
Outcome and data collection
The primary outcome was defined as all-cause in-hospital mortality. For the assessment of the time course of disease after admission, we collected clinical data from electronic medical records, not only at admission points but also over entire periods during hospitalization. To establish a novel predictive model, we divided the overall data into derivation and validation cohorts according to their admission dates. The former consisted of patients who were admitted up until December 2011, and the latter consisted of those who were admitted in January 2012 and thereafter.
Candidate parameters for in-hospital risk assessment
For an initial assessment at admission, we utilized an existing score model: Get With The Guidelines-Heart Failure (GWTG-HF) risk scoring model, which is a well validated, widely accepted, and user-friendly scoring system for the risk stratification of the in-hospital mortality of AHF (S1 Table) [8] . Here, we excluded the parameter of "Race" from this assessment because the population in this study consisted of a single race.
For a time course assessment after admission, we focused on the following parameters, which could dynamically represent the condition of patients' organs and were considered as possible predictors: the presence of intravenous administration of any inotropic agent such as dopamine, dobutamine, norepinephrine or epinephrine, the presence of respiratory support by positive airway pressure with or without an invasive procedure, maximal values of total bilirubin, blood urea nitrogen, creatinine, C-reactive protein level, white blood cell concentration, and minimum values of albumin, sodium, and hemoglobin levels and platelet concentration during blood testing in all in-hospital periods, except for the day of discharge or death.
Risk model establishment and statistical analysis
To derive a simple model in the derivation cohort, continuous variables obtained after admission were converted into binary values based on optimal cut-off points, which were defined by drawing receiver operating characteristic (ROC) curves and assigning round numbers close to Youden's indexes [11] .
From 12 candidate parameters, the GWTG-HF risk score at admission and the above 11 binary values obtained during hospitalization, we selected predictive variables for the best model by a stepwise selection with a P value of 0.20 for a backward elimination method, and assigned proper scores on the basis of weights of beta covariates calculated by multivariate logistic regression analysis in the derivation cohort. In this analysis, missing data were imputed by their median values.
For time course assessments, we defined total scores of assigned points in selected variables at each time point as a "time course risk score". Finally, we established a summed score of the initial risk score (GWTG-HF risk score) and the maximal time course risk score as a "total in-hospital risk score".
In order to validate the model performance of the total in-hospital risk score, we drew ROC curves and compared values of c-statistics in this score model and in the GWTG-HF risk score model by methodology previously described by DeLong et al. [12] . Calibration of the novel model was also assessed by a Hosmer-Lemeshow test and visual plotting [13] . Performances in particular subgroups were also examined in an overall cohort.
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Results
Study population
Of 1,062 AHF patients, 27 were excluded according to the above-mentioned criteria, with a final total of 1,035 patients enrolled. Of these, 597 patients who were admitted during or before December 2011 constituted the derivation cohort, and 438 patients who were admitted during or after January 2012 constituted the validation cohort. Overall characteristics of patients and each cohort are shown in Table 1 . For the overall cohort, the mean age was 77.5 years, the proportion of males was 52.4%, and the mean value of the left ventricular ejection fraction was 42.0%. With regard to the etiology of heart failure, 21.2% of all AHF patients exhibited ischemic heart disease.
Candidate variables for prediction of in-hospital mortality
Collected variables for risk assessment and in-hospital mortality are presented in Table 2 . Of the total 1,035 patients, 86 (8.3%) died during hospitalization. Of all variables used to calculate a new risk model, missing values were as follows: 15 values of minimum albumin levels and five values of maximum total bilirubin levels. Baseline data used to calculate the GWTG-HF risk score did not have missing data.
Associations of each variable with mortality and the optimal cut-off point to discriminate in-hospital risk are shown in S2 Table. Results of logistic regression analysis using such variables are shown in Table 3 . Although individual variables showed a significant relationship to mortality, of 12 candidate parameters, five variables acquired after admission, other than the GWTG-HF risk score at admission, were picked out by stepwise backward selection: the presence of catecholamine administration, the minimum platelet concentration, and maximum blood urea nitrogen, total bilirubin, and C-reactive protein levels. Based on the relative proportion of each beta coefficient value to that of the GWTG-HF risk score, a risk scoring model derived from data obtained during hospitalization, termed a time course risk score, was constructed ( Table 4 ). The formula for risk estimation calculated by logistic regression analysis for the derivation cohort was as follows: (Fig 2A) . The cut-off point for in-hospital mortality, which was defined on the basis of Youden's index, in the derivation cohort was 64, with a sensitivity of 0.766 and a specificity of 0.871. For the validation cohort, the sensitivity of the same score point was 0.795 and its specificity was 0.855. For the calibration of this model, plots of predicted and observed in-hospital mortalities in each decile are shown in Fig 2B. Hosmer-Lemeshow chi-square statistics for the two cohorts were 6.049 (p = 0.642) and 5.993 (p = 0.648), respectively. The c-statistics of subgroups for all study patients are shown in S3 Table. A significant improvement in discriminative ability, compared with the GWTG-HF risk score model, was observed for most of the subgroups.
Actual patients' distributions of GWTG-HF, time course and total in-hospital risk scores for the overall cohort are shown in S1A-S1C . The in-hospital mortality rate for each risk status at admission and during hospitalization is presented in Fig 3A. In each risk Time course assessment of in-hospital mortality in patients with acute heart failure 
Discussion
Main findings
We found that a gradual progression of specific functional in-hospital disturbances, namely renal dysfunction, circulatory failure, coagulation disorders, liver dysfunction, and an inflammatory response, were strongly associated with the subsequent in-hospital deaths of AHF patients. Based on this finding, we proposed a novel in-hospital risk stratification method, which was established by adding information collected after admission to a traditional risk score model at admission. Time course assessments made during the hospitalization of patients with AHF may provide further information for in-hospital risk predictions. Specifically, such a scoring model is able to represent a serial "on-going" risk status.
In-hospital mortality risk assessment
Risk stratification plays an important role in clinical practice for AHF patients, providing severe cases with adequate intensive treatment and preventing mild cases from receiving excessive, unnecessary care [14] . It may also help critical patients, their families, and health care providers make decisions on end-of-life care [14, 15] . With regard to older patients with heart failure, a cohort that has been gradually growing in aging societies, appropriate end-oflife care should be provided but this is often not easy to carry out. Reasons for this may be that the time course of AHF during a hospital stay often varies and is also often unpredictable [16] .
Regarding the examples of Fig 1, patient GWTG-HF risk scores and predicted in-hospital mortality at admission were similar; however, their clinical courses after admission differed greatly. This proposed model may allow patients and the people involved in their care to make the most appropriate medical choices under continually varying circumstances. Several scoring models for the in-hospital mortality of patients with AHF have been described; these showed modest prognostic abilities and were quite similar (c-statistics: 0.70-0.80) [5] [6] [7] [8] , probably because their predictions were largely based on assessment at admission alone. Thus, at the point of admission, this level of predicting in-hospital mortality seems to be an upper limitation. Nonetheless, since AHF patients require on-going treatment after admission and their status may alter over time during hospitalization, a sequential assessment of each patient's status should be made on a continual basis during in-hospital care. Although we Time course assessment of in-hospital mortality in patients with acute heart failure An 83-year-old male with ischemic heart disease was admitted for the exacerbation of heart failure. His Get With the Guidelines-Heart Failure (GWTG-HF) risk score, with the exception of a racial score, was 45 points at admission, which implied a 1 to 5% estimation of in-hospital mortality according to the original report [7] . In a sequential risk assessment over hospitalization, a maximal value of the time course risk score was 10 points on day one. Thus, the maximal value of the total score over the patient's hospital stay was 55, which suggested 1 to 5% of in-hospital mortality according to our study. The patient's condition improved rapidly and he was discharged on day nine. (B) A 79-year-old male with heart failure and a preserved ejection fraction had a GWTG-HF risk score, with the exception of a racial score, of 47 points at admission, which also implied a 1 to 5% estimation of inhospital mortality. His time course risk score was also 10 points on day one; however, with his disease condition worsening, his time course risk score gradually increased to a maximal value of 50 points at day five, which implied an over 70% estimation of in-hospital mortality. He did not show any improvement in his condition and finally died on day nine. BUN: blood urea nitrogen; COPD: chronic obstructive pulmonary disease; CRP: C-reactive protein; HR: heart rate; SBP: systolic blood pressure.
https://doi.org/10.1371/journal.pone.0187410.g001 Time course assessment of in-hospital mortality in patients with acute heart failure were forced to assess each patient's condition after admission, mainly in a subjective manner, using such a score model would allow us to make an objective and more precise assessment of the risk of in-hospital mortality, even after admission.
Time course assessment
The risk prediction for individual AHF patients is likely to be challenging. One reason may be that patients' conditions during acute phases may be too complex and fluctuant to be appropriately assessed [16] . Although several variables during the hospitalization of AHF patients are individually associated with in-hospital risk [17] [18] [19] , to date, no method exists that can bundle such multiple risk factors during the evaluation of in-hospital mortality. To the best of our knowledge, this is the first report of a sequential and comprehensive assessment method of in-hospital mortality in AHF patients. This dynamic, in-hospital risk assessment could not only prompt health care providers to adjust their treatment strategies accordingly, but may also help patients and their families understand their loved one's "on-going" condition and have the foresight to prepare for the worst [16, 20] . The Sequential Organ Failure Assessment (SOFA) score is one of the few assessment methods available that can assess the severity of disease during hospital stays [21] [22] [23] . This scoring method was developed to quantify the severity of illness, not to predict mortality, and has been specifically used in critical care settings. It is unknown whether the SOFA score is efficient in predictions of in-hospital mortality in AHF patients. In comparison, our model was derived from a cohort of AHF patients, and produced in a manner that added in an already known risk assessment at the point of admission. It was also designed to be used easily. Thus, we considered that for AHF cases, our assessment method is more useful in the time course prediction of in-hospital mortality.
Limitations
Our investigation had several limitations. First, this was a retrospective single-center study of a relatively small size. Although good discrimination and calibration were indicated in the validation cohort, it is uncertain whether the results of this study can be applied to other institutions or different patient populations, especially patients requiring intensive treatment, such as surgical interventions or heart transplantation. Furthermore, in Japan, the hospital length of stay of patients with AHF is generally longer than that in other countries [24] . In our study, the duration of hospital stay of our patients was of average length for Japan, but was much longer compared with other countries [25, 26] . Whether our findings can be applied to patients with AHF in countries with a shorter hospital length of stay remains to be examined. Second, predictive parameters included the type of treatment, which involved pharmacological circulatory support. Although the necessity for inotropic agent administration would reflect the severe condition of AHF patients, whether the administration itself is harmful or should be avoided remains inconclusive. Finally, blood sampling was undertaken in each clinical setting, not at scheduled time points. In some cases, for example in the full recovery phase, or conversely during intense critical conditions in which recovery was unlikely, frequent laboratory tests were often withheld. Although this may have led to a misestimate of the predictive ability of the model, we consider this model as reliable enough to be applied to clinical settings according to the results of this validation study.
Regardless of the limitations outlined above, this scoring model provided sequential and more accurate predictions of in-hospital mortality than any previously reported models. Further studies with larger numbers of patients in various clinical settings are required to confirm these results.
Conclusion
In addition to a traditional assessment at the time of admission, a comprehensive time course assessment during hospitalization may predict in-hospital mortality more accurately. The novel risk stratification model described herein may provide patients, their families and clinicians with valuable information in a hospital setting. 
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